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Ti ta nium-45 with a half-life of 3.09 hours de cays by emis sion of pos i trons (85%) and the elec -
tron cap ture pro cess (15%).These prop er ties make this radionuclide use ful in the di ag no sis of 
tu mors by pos i tron emis sion to mog ra phy. In this study, af ter hav ing con sid ered the ex ci ta tion 
func  tions for the 45Sc(p, n)45Ti re  ac  tion us  ing TALYS and AL  ICE/ASH codes and af  ter the
com par i son  with  other  ex per i men tal  data,  45Ti was pro  duced by dint of the press  ing method
and a newly de  signed and man  u  fac  tured shut  tle and cap  sule, re  sult  ing in an ex  per  i  men  tal
yield of 403.3 MBq/mAh. Es  sen  tial tar  get thick  ness and phys  i  cal yield were cal  cu  lated. The
scan  dium ox  ide tar  get was ir  ra  di  ated at a 20 mA cur  rent and a 21 MeV pro  ton beam en  ergy
for 1 hour.
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IN TRO DUC TION
45Ti with a half-life of 3.08 h is a pos  i  tron-emit  -
ting ra  dio  iso  tope with a pos  i  tron branch  ing of 85%
and a de cay of 15% by elec tron cap ture with E (b+
max),
i. e., 1.04 MeV de cays to 45Sc [1]. In the b+-de cay pro -
cess, the pro  ton in the nu  cleus is trans  formed into a
neu  tron with the emis  sion of a b+-par  ti  cle and a neu  -
trino. The range of the pos  i  tron in the tis  sue is a few
mil li me ters, up to the mo ment it en coun ters its an ti par -
ti  cle, the elec  tron. When that hap  pens, the elec  -
tron-pos i tron  pair  is  an ni hi lated  and  trans formed  into
two op  po  sitely di  rected 511 keV-pho  tons. These pho  -
tons can be de  tected by the co  in  ci  dence tech  nique
used in pos i tron emis sion to mog ra phy (PET). Nu clear
med i cine, par tic u larly PET, is im por tant in the di ag no -
sis, treat  ment plan  ning, and eval  u  a  tion of the treat  -
ment re  sponse in pa  tients with can  cer, so a high
b+-yield, short half-life and a sta  ble daugh  ter make
45Ti a suit  able can  di  date for PET im  ag  ing [2, 3].
As shown in fig. 1(a), there are four meth  ods for
the pro  duc  tion of a 45Ti radionuclide: (a) 45Sc(p,
n)45Ti, (b) 46Ti(p, n + p)45Ti, (c) 46Ti(n, 2n)45Ti, (d)
45Sc(d, 2n)45Ti [4-11]. Ac  cord  ing to fig.1(b) and (c),
to  avoid  iso to pic  im pu ri ties  of  45Ti, the 45Sc(p, n)45Ti
method was em  ployed. The aim of this study is to de  -
sign and man  u  fac  ture a new shut  tle and cap  sule tar  get
for the di  rect pro  duc  tion of 45Ti via a 45Sc (p, n)
45Ti-re  ac  tion by means of the press  ing method. The
the o ret i cal  cal cu la tion  of  the  phys i cal  yield  and  tar get
thick  ness were done by us  ing the stop  ping and range
of ions in mat  ter (SRIM) Code [12]. To de  ter  mine the
ab er ra tion  amount  of  the  ac quired  and  ex per i men tal
data, they were com  pared with each other.
MA TE RI ALS  AND  METH ODS
The  pro duc tion  of  45Ti was per  formed at the Nu  -
clear Med  i  cine Re  search Group (AMIRS) 30 MeV cy  -
clo  tron (Cy  clone-30, IBA). Chem  i  cals and al  loys were
pur  chased from the Aldrich Chem  i  cal Co. (Ger  many),
and  ion-ex change  res ins  from  Bio-Rad  Lab o ra to ries
(Can  ada). The ra  dio  ac  tiv  ity of the sam  ple was de  ter  -
mined by count ing a Can berraTM high-pu rity ger ma nium 
de  tec  tor (HPGe, model GC1020-7500SL) and a CRC
Capintech  Ra di om e ter  was  used  for  ac tiv ity  mea sure -
ments of the sam  ples. All sim  u  la  tion stud  ies were done
by SolidWorks 2010 soft  ware [13].
CAL CU LA TION  OF  THE O RET I CAL
PHYS  I  CAL YIELD AND BEAM EN  ERGY
Ac cord ing  to  all  cal cu la tion  meth ods  us ing  AL -
ICE, TALYS, and AL  ICE/ASH codes shown in fig. 1
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*  Cor re spond ing au thor;  e-mail:  youseffazaeli@gmail.com[14-21], the 45Sc(p, n) 45Ti method had the best re  ac  -
tion due to the ca  pac  ity of our cy  clo  tron ma  chine in
which   the  pro  ton  en  ergy  beam  is  within  the  range
of less than 30 MeV and the best range of en  ergy is
5-14 MeV.
The fol low ing equa tion was used to cal cu late the 
phys  i  cal yield of nu  clear re  ac  tions in this study
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where  Y [MBq/mAh] is the yield prod  uct, NL  – the
Avo ga dro's num ber, H [%] – the iso tope abun dance of
the tar  get nu  clide, M [g] – the mass num  ber of the tar  -
get  el e ment  ,  s(E) [mb] (1 mb = 10
–31 m
2) – the
cross-sec  tion at en  ergy E, I [mA] – the pro  jec  tile cur  -
rent, dE/d(rx) [MeVmg
–1cm
2] – the stop ping power, l
[h
–1] – the de cay con stant of the prod uct, and t [h] – the
time  of  ir ra di a tion.  The  cross-sec tions  are  cal cu lated
by TALYS and AL  ICE/ASH codes and the stop  ping
power of pro  jec  tile par  ti  cles in the tar  get ma  te  rial is
cal  cu  lated by the SRIM code [10].
DE  SIGN OF THE NEW SHUT  TLE
AND  CAL CU LA TION  OF  THE
THE O RET I CAL  BEAM  EN ERGY
In this study, a spe cific shut tle is re quired for the
bom bard ment of the cap sule tar get (fig. 2). The shut tle
is de  signed in such a man  ner that a wa  ter layer with a
thick ness of 1 mm is sit u ated in front of it, while a layer 
of the same thick  ness is sit  u  ated at the back (fig. 3)
Wa  ter with an out  let mass flow of 0.75 kg/s is
used for tar  get cool  ing, so that part of the en  ergy is
con  sumed through the wa  ter and alu  mi  num foil used
to  sep a rate  the  tar get  ma te rial  (Sc2O3) from the aque  -
ous en  vi  ron  ment. Thus, the pro  ton beam lost a part of
its ini  tial en  ergy in the aque  ous en  vi  ron  ment. The
wasted en  ergy was ob  tained by the in  ter  po  la  tion of
pro  jected range-en  ergy curves (fig. 4). 
As the en  ergy of the pro  ton en  ter  ing the Sc2O3
layer should be 14 MeV, pro  ton en  ergy af  ter pass  ing
the alu  mi  num layer with a thick  ness of 200 um should
also be 14 MeV. The cor re spond ing pro jected range to
14 MeV is 1122.25 µm. The thick  ness of the wa  ter
layer lo cated in front of the alu mi num is 1 mm. The en -
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Fig ure 1.  Ti-45 ra dio iso tope pro duc tion based on cal cu la tions by the TALYS code for all pos si ble re ac tions (
45Sc(p, n)
45Ti,
(b) 
46Ti(p, n + p)
45Ti, (c) 
46Ti(n, 2n)
45Ti, (d) 
45Sc(d, 2n)
45Ti) and the eval u a tion of pos si ble im pu ri ties re sult ing from these re -
ac  tions [4-11] (a); 
45Sc(p, n)
45Ti  re ac tion  cal cu lated  by  the  AL ICE/ASH  code  in  or der  to  eval u ate  pos si ble  im pu ri ties  (b);
45Sc(p, n)
45Ti re  ac  tion cal  cu  lated by the TALYS code in or  der to eval  u  ate pos  si  ble im  pu  ri  ties (c); and com  par  i  son of the
cal cu lated  ex ci ta tion  func tion  of 
45Sc(p, n)
45Ti re  ac  tion by the TALYS and AL  ICE/ASH code to ex  per  i  men  tal code (d)ergy of the pro  tons com  ing out of the wa  ter layer
should, there fore, also amount to 15.36 MeV. The pro -
jected ranges in each en  vi  ron  ment and their cor  re  -
spond  ing en  er  gies are men  tioned in tab. 1.
TAR GET  PREP A RA TION
Mak ing use of ex ist ing fa cil i ties, among the pos -
si bil i ties  to  pro duce  45Ti, we have em  ployed the 45Sc
(p, n)45Ti re  ac  tion in or  der to test tar  get prep  a  ra  tion.
Med i cal  ap pli ca tion  re quires  a  highly  en riched  45Sc
tar  get. The nat  u ral Sc tar  get was pre pared by the stack
foil tech  nique re  ported by Folkesson for 3-6 MeV[1]
and a 7 mm × 7 mm ti ta nium foil (Alfa Aesar), used for
pro  cess  ing the Sc tar  get for pro  ton bom  bard  ment at
14.5 MeV by Vavere et al., [22]. In this study, we have
em  ployed the press  ing tech  nique to pre  pare the natSc
tar get.
For the prep  a  ra  tion of the tar  get, scan  dium-ox  -
ide pow der should be formed as a pel let. Thus, 360 mg
of Sc2O3 pow  der were pressed at 50-60 bar by a hy  -
drau  lic jack and the pre  pared pel  let then put into an
alu mi num  shield  for  bom bard ment.
The pro ton of 21.08 MeV co mes out of the beam
line, loses 2.68 MeV of its en ergy in the first alu mi num 
layer (0.5 mm) and en  ters the wa  ter with a charge of
18.40 MeV. About 3.04 MeV of the beam en  ergy is
wasted in this en  vi  ron  ment be  fore the pro  ton en  ters
the alu  mi  num foil (0.2 mm) with a charge of 15.36
MeV and, upon en  try, loses 1.36 MeV be  fore fi  nally
reach ing the scan dium ox ide with a charge of 14 MeV.
As shown in fig. 5, ther  mal sim  u  la  tions for the shut  tle
and tar  get cap  sule de  ter  mine that the max  i  mum heat
val ues for the beam power of about 300 W on the tar get 
cap  sule are 384.2 K (front) and 338.2 K (back).The
max  i  mum heat re  sis  tance for beam power of about
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Fig  ure 2. Sche  matic pic  ture and snap  shot of the shuttle
Fig  ure 3. Sche  matic pic  ture of the tar  get capsule
Fig  ure 4. Pro  jected range-en ergy curves for Sc2O3, H2O,
and Al
Ta ble 1. Cal cu lated en ergy and projected range in Sc2O3,
H2O, and Al lay  ers
Environment Energy [MeV] Projected range [mm]
Sc2O3 5 133.09
Sc2O3 14 789.99
Al 14 1122.25
Al 15.36 1322.25
H2O 15.36 2587.91
H2O 18.40 3587.91
Al 18.40 1822.38
Al 21.08 2322.381000 W on the alu  mi  num win  dow is also cal  cu  lated
and the max  i  mum heat value de  ter  mined to amount to
about 563 K, far from the melt  ing point of alu  mi  num
(933.47 K) (fig. 5).
IR RA DI A TION
Ir ra di a tion  was  car ried  out  at  the  ag ri cul tural,
med  i  cal, and in  dus  trial re  search school (AMIRS) by
means of a Cy  clone-30 (IBA, Bel  gium) cy clo  tron ma -
chine. The Sc2O3 cap  sule was used as a tar  get and
bom barded with 21 MeV pro tons at a cur rent of 20 mA
per 1 hour.
CHEM I CAL    SEP A RA TION 
Upon suc cess ful ir ra di a tion, the scan dium-ox ide 
pel  let was dis  solved in 2.5 mL of con  cen  trated HCI to
give  45TiC14, upon which a drop of con  cen  trated
HNO3 was added to en sure the ox  i  da  tion of the 45Ti to
the + 4 state. Then, the so lu tion was evap o rated to dry -
ness and dis solved in 6 m HC1, again. The step was re -
peated three times in or  der to com  pletely re  move
HNO3. The 45Ti dis  solved in 2 mL of 6 M HCI was
loaded on an AG 50 W ´ 8 col  umn (100-200 mesh,
Bio-Rad, 1 cm i. d. ´ 18 cm) prewashed with 6 M HCI.
45Ti was then eluted with 6 M HC1, while the scan  -
dium was eluted with 4 M HC1 con  tain  ing 0.1 M HF.
Af ter the dry ing of the 45Ti frac tion, 45Ti was dis solved 
in 1 mL-2 mL of 1 M HCI.
RA DIO AC TIV ITY  MEA SURE MENTS 
The  ra dio ac tiv ity  of  the  sam ple  was  de ter mined
non-de struc tively,  us ing  high-res o lu tion  HPGe  de tec -
tors. The dis  tance from the sam  ple to the de  tec  tor was
30 cm, count  ing time ad  justed ac  cord  ing to the
half-life of the prod uct nu clide so as to get a rea son able 
count ing sta tis tic. All the ma jor gamma lines of the re -
sult  ing radionuclide were iden  ti  fied. 45Ti  ac tiv ity  was
de ter mined us ing a 720 keV g-ray (fig. 6). Note that the 
720 keV g-ray has the high  est I g [%] in gammas from
45Ti. The 511 keV g-ray can  not be used in cal  cu  la  tion
due to the Dopp  ler Broad en  ing Ef fect which re  sults in
an in  cor  rect width of the peak. De  tec  tor ef  fi  ciency for
the tar  get ma  te  rial is set based on a con  tainer with a
fixed ge  om  e  try that in  cludes one drop of the fi  nal
prod  uct in 10 ml of the sol  vent.
RE SULTS  AND  DIS CUS SION
The only sta  ble iso  tope of nat  u  ral scan  dium can
trans mute  to  a  ti ta nium-45  ra dio iso tope  through  the
45Sc(p, n)45Ti re ac tion. In this work, the scan dium-ox -
ide cap  sule tar  get was pre  pared us  ing the press  ing
method.  Ac  cord  ing  to  cal  cu  la  tion, a thick tar  get of
800 µm was bom  barded. In  ci  dent pro  ton en  ergy was
21 MeV. For 1 h, no tar  get ma  te  rial loss was ob  served
at the cur  rent beam of up to 20 µA. With this method,
the pro duc tion of ti ta nium-45 pro vides an op por tu nity
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Fig  ure 5. Sche  matic pic  ture of the max  i  mum heat
re  sis  tance for beam power of about 300 W on the tar  get,
front (a) and back (b), and the alu  mi  num win  dow (c)
Fig ure  6.  g-ray  spec trum  of  pro ton-ir ra di ated  Sc2O3
af ter  sep a ra tion  of 
45Ti from 
45Scto ap ply high beam power of about 300 W (20 µA), un -
der the con di tion that the tar get ma te rial can with stand
the cur  rent beam while dem  on  strat  ing sta  bil  ity at the
same time. Folkesson's sam  ples were pre  pared us  ing
scan  dium foils. The tar  gets were bom  barded with
beams of up to 18 µA and the time of ir  ra  di  a  tion was
about 3 h [3], while a Vavere's tar  get con  sist  ing of a
nat  u  ral scan  dium foil was ir  ra  di  ated with a pro  ton
beam of 14.5 MeV at 5 µA over a pe  riod of 1 h [22].
The ad van tage of this pro duc tion method is that,
by the use of scan  dium ox  ide which is eco  nom  i  cal, as
well as the use of a pressed scan dium ox ide tar get in an
alu  mi  num shield, the beam cur  rent can in  crease as
much as needed, based on the uti lized cy clo tron (in our 
case, 150 µA) and to  tal heat pro  duced on the win  dow
(re fer ring  to the alu mi num win dow re sis tant to a beam 
power of up to 1000 W). The pre  sented shut  tle was
tested  in  an  ex per i ment  with  a  100  µA  cur rent  and 
25 MeV en  ergy for 1 h, with no er  rors be  ing ob  served
(above the re  quire  ments set by our ex  per  i  ment). The
mea  sured yield of 45Ti at the end of  bom  bard  ment
(EOB) was 403.3 MBq/µA h (tab. 2).
CON CLU SIONS
Af ter  con sid er ing  the  ex ci ta tion  func tions  of  a
45Sc(p, n)45Ti re ac tion us ing TALYS and AL ICE/ASH 
codes  and  the  com par i son  with  other  ex per i men tal
data,  45Ti was pro duced by dint of the press ing method
and a newly man u fac tured shut tle which re sulted in an
ex per i men tal  yield  of  403.3  MBq/µAh.  Es sen tial  tar -
get thick  ness and phys  i  cal yield were cal  cu  lated by
SRIM codes. The scan  dium ox  ide tar  get was ir  ra  di  -
ated at a 20 µA cur  rent and 21 MeV pro  ton beam en  -
ergy for 1 h and a highly pure 45Ti in the form of chlo  -
ride was achieved. In this type of the press ing method,
any  en vi ron men tal  con tam i na tion  which  may  re sult
from  the  sed i men ta tion  pro duc tion  method  and  toxic
el e ments  due  to  the  elec tro plat ing  bathe  via the elec  -
tro plat ing  pro duc tion  method,  are  non-ex is tent.  Tak -
ing into ac  count the abil  ity to de  ter  mine a de  sir  able
beam cur rent ac com pa nied by a lower risk of en vi ron -
men  tal pol  lu  tion by means of a shield  ing tar  get ma  te  -
rial con  tained within a cap  sule, we have come to the
con  clu  sion that this ap  proach to targetry might prove
to be a suit  able can  di  date for the pro  duc  tion of
radiopharmaceuticals.
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NOVI  PRISTUP  PROIZVODWI  45Ti  PROTONSKIM
OZRA^IVAWEM  45Sc  U  CIKLOTRONU
Titanijum-45, sa vremenom poluraspada od 3.09 ~asova, raspada se emisijom pozitrona
(85%) i procesom zahvata elektrona (15%). Ova svojstva ~ine 45Ti korisnim za dijagnostifikovawe
tumora pozitronskom emisionom tomografijom. Po prethodnom razmatrawu ekscitacionih
funkcija reakcije 45Sc(p, n)45Ti, pomo}u programskih kodova TALYS i AL ICE/ASH i posle pore|ewa
sa eksperimentalnim podacima, proizveden je 45Ti metodom pritiska i sa projektovanim i
na~iwenim {atlom i kapsulom, uz eksperimentalni prinos od 403.3 MBq/mAh. Prora~unati su
osnovna debqina mete i fizi~ki prinos. Meta od skandijumoksida ozra~ivana je tokom jednog ~asa
protonskim snopom energije 21 MeV, ja~ine struje 20 mA.
Kqu~ne re~i: 45Ti, 45Sc, pro  ton, ekscitaciona funkcija, fizi~ki prinos